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Introduction {#sec1}
============

The development of adequate model systems to study human malignancies is crucial for basic and preclinical research. For over 30 years animal (rodent) models of cancers have provided tremendous insights into the underlying mechanisms of oncogenesis and tumor growth. However, the existing models do not fully recapitulate the complex and interconnected human tumor microenvironment (TME) and the role played by the immune system in tumor progression, thus being questioned for preclinical studies ([@bib2], [@bib31], [@bib9]). Moreover, existing models often do not allow one to study the immune-escape features of several malignancies ([@bib9], [@bib37]).

Glioblastoma (GBM) is the most common and lethal primary human brain malignancy ([@bib34], [@bib42]). *In vivo*, GBM has been mostly modeled in immune-compromised mice engrafted with human glioma cells ([@bib11]). However, these models are very susceptible to side effects triggered by anticancer therapy and are not suitable for testing immune-based therapies ([@bib16], [@bib7], [@bib23]). On the other hand, syngeneic GBM models in immune-competent rodents allow one to study tumorigenesis and the interplay between gliomas and the host immune system, but these models often fail to recapitulate many of the human-specific TME features ([@bib11], [@bib32], [@bib12]). Recently, "humanized mice" have been developed to study tumors in clinically relevant settings ([@bib35], [@bib3], [@bib45]). However, this approach is costly and complicates the use of existing genetically modified mice. Finally, pharmacological blockade of T cell activation during engraftment of human GBM neurospheres into brains of adult wild-type (WT) mice has been used to prevent xenograft rejection ([@bib39]). Although this approach is relatively simple and potentially applicable to genetically modified mice, it does not allow excluding that chemical immunosuppression may alter the role of the immune system on tumor progression and/or escape properties of the neoplasm.

Here, we exploited the "immune-privileged" developmental time window to develop an efficient *in vivo* human brain tumor engraftment model within the physiological tissue environment of WT mice. Human GBM cells, injected in the telencephalic ventricle of WT mouse embryos, readily invaded the host brain tissue and developed tumors exhibiting complex TME such as functional vasculature, reactive astrocytes, and host immune cell infiltration. Importantly, upon embryonic engraftment, patient-derived GBM xenografts persisted in postnatal brains of immune-competent mice. Our model is a valuable tool that can be used to study fundamental biology of human brain tumors and potentially applicable to clinically relevant tests, such as intratumor accumulation of therapeutic molecules upon intravascular delivery and immune-escape properties of the neoplasm in the context of an intact immune system.

Results {#sec2}
=======

WT Embryonic Mouse Brain Supports the Engraftment and Growth of a Human GBM Cell Line (Tumor Xenografts) {#sec2.1}
--------------------------------------------------------------------------------------------------------

In mice, the innate/non-specific immune system (e.g., microglia) is already active in the embryonic brain ([@bib26]), whereas the adaptive immune response (e.g., lymphocytes) matures postnatally ([@bib22]). Hence, we hypothesized that the immature immune environment in WT embryonic mouse brains could tolerate the engraftment of human GBM cells.

As an entry point to test our hypothesis, we first transduced immortalized grade IV human GBM cell line U87MG ([@bib36]) with a lentiviral vector encoding Discosoma sp. red fluorescent protein (dsRed) to generate a dsRed+ U87MG GBM cell line. Then, we microinjected U87MG GBM single-cell suspensions in the lateral ventricles of embryonic day 12.5 (E12.5) WT mice developing *in utero* ([Figure 1](#fig1){ref-type="fig"}A). Of note, to exclude aspecific effects due to dsRed overexpression, or clonal evolution of transduced GBM clones, in the initial experiments we microinjected equal ratio of naive and dsRed+ GBM cells (see [Figure 1](#fig1){ref-type="fig"}H). More than 90% of embryos undergoing injection of U87MG cells survived the procedure (an efficiency that was similar to the *in utero* electroporation \[[@bib38], [@bib20]\]), and 92% of them presented tumor foci at E18.5 ([Figure 1](#fig1){ref-type="fig"}B, tumor xenografts \[TX\]). The number of dsRed+ human U87MG TX per brain ([Figure 1](#fig1){ref-type="fig"}C) increased until E18.5 (mean 2 at E13.5; 4 at E15.5, and 6 at E18.5 [Figure 1](#fig1){ref-type="fig"}C, red dots), whereas it decreased after birth (mean 5 at postnatal day 7 \[P7\], [Figure 1](#fig1){ref-type="fig"}C, red dot). Next, we analyzed TX by immunofluorescence ([Figures 1](#fig1){ref-type="fig"}D--1H). Human cells in TX were identified by intrinsic dsRed fluorescence and by immunostaining for human-specific nuclear antigen (HuNu). Measurements of TX revealed an exponential growth of their volume in both embryonic and postnatal mouse brains, but the highest volumetric increment occurred between E18.5 and P7 ([Figures 1](#fig1){ref-type="fig"}D and 1E, mean tumor volume 0.0038 ± 0.0009 mm³ at E13.5; 0.0351 ± 0.0081 mm³ at E15.5; 0.3339 ± 0.1276 mm³ at E18.5; and 3.7902 ± 1.0249 mm³ at P7). In contrast, nuclear density in TX ([Figure 1](#fig1){ref-type="fig"}F, nuclear DNA staining with Hoechst) did not change between E18.5 (429 ± 26 nuclei/field) and P7 (451 ± 4 nuclei/field). These results indicated that increase in tumor cell number likely accounted for expansion of TX volume. dsRed+ and naive GBM cells (HuNu + dsRed- cells) showed similar distributions in TX ([Figure 1](#fig1){ref-type="fig"}D), and their numbers increased proportionally across all the time points analyzed ([Figures 1](#fig1){ref-type="fig"}G and 1H; Number of total Hoechst + nuclei in TX per brain 2∗10^3^ ± 0.2∗10^3^ at E13.5, 1.8∗10^4^ ± 0.8∗10^4^ at E15.5, and 7∗10^4^ ± 1.1∗10^4^ at E18.5; proportion of HuNu + cells over total nuclei in TX per brain 77.64 ± 1.78% at E13.5, 71.53 ± 1.83% at E15.5, and 65.47 ± 1.15% at E18.5; proportion of dsRed+ cells over total nuclei in TX per brain 32.29 ± 3.48% at E13.5, 32.31 ± 2.37% at E15.5, and 31.15 ± 0.75% at E18.5), indicating that viral transduction did not affect growth of GBM cells. Together, these results demonstrated that WT embryonic mouse brain supports the engraftment and growth of a human GBM cell line.Figure 1WT Embryonic Mouse Brain Supports the Engraftment and Growth of a Human GBM Cell Line (TX)(A) Experimental procedure: (I) Preparation of single cell suspension of dsRed-labeled tumor cells, (II) surgery, and (III--V) tumor cell injection in the lateral ventricle (LV) of E12.5 mouse embryos; Cx, cortex; LGE/MGE, lateral/medial ganglionic eminence.(B) Dorsal view at E18.5 and P7 mouse brains with TX; white arrowheads: dsRed+ tumors; red arrowheads: tumors in higher magnification (insets); OB, olfactory bulb; dT, dorsal telencephalon; M, midbrain; H, hindbrain; dashed lines indicate brain compartment boundaries. Scale bar: 2 mm; insets: 500 μm.(C) Number of tumors per brain at the indicated time points, *n* = number of brains with tumors; light gray: N°/single brains, red: mean N°/age.(D) Immunofluorescence images of cryosections through mouse TX at indicated ages; blue: Nuclei (Hoechst+), red: dsRed+ U87MG cells, and green: HuNu; T, tumor; H, host tissue; \*, ventricle (same nomenclature in all the figures); scale bar: 200 μm.(E) Tumor volume at the indicated time points \[log10 scale\]; light gray: single tumors, red: mean volume/age, *n* = number of brains with tumors.(F) Nuclear density at E18.5 (*n* = 3) and P7 (*n* = 3).(G) Number of total Hoechst + nuclei within TX per brain at E13.5 (*n* = 7 tumors in 4 brains), E15.5 (*n* = 4 tumors in 3 brains), and E18.5 (*n* = 6 tumors in 4 brains).(H) Proportion of dsRed+ or HuNu + cells at E13.5 (*n* = 4), E15.5 (*n* = 3), and E18.5 (*n* = 4) over total Hoechst + nuclei in TX.Data are represented as mean ± SEM; statistical significance revealed by using one-way ANOVA and Tukey\'s multiple comparisons test. \* p value \< 0.05; \*\* p value \< 0.01; \*\*\* p value \< 0.001; \*\*\*\* p value \< 0.0001; n.s., not significant.

WT Embryonic Mouse Brain Supports Growth of Patient-Derived GBM Xenografts {#sec2.2}
--------------------------------------------------------------------------

To validate our engraft model, we repeated the above-described procedure with patient-derived GBM cells, which are considered a better standard in cancer research compared with tumor-derived cell lines ([@bib35], [@bib45], [@bib1]). The patient-derived GBM (proneural subtype) cells were previously demonstrated to maintain cancer stem cell properties when cultured in the absence of serum and tumor-initiating properties *in vivo* ([@bib17]). dsRed-labeled patient-derived GBM cells were injected in brains of E12.5 WT mouse embryos. Animals were analyzed at E18.5 and P7 to ascertain the presence of patient-derived GBM xenografts (PDX) ([Figure 2](#fig2){ref-type="fig"}A). We found an average of five to six dsRed+ PDX per brain ([Figure 2](#fig2){ref-type="fig"}B). This result was similar to the number of TX observed at the same time post-injection ([Figure 1](#fig1){ref-type="fig"}). Volumetric analysis ([Figure 2](#fig2){ref-type="fig"}A and [Video S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}) revealed a significant increase in PDX volume and in the percentage of host brain occupancy from E18.5 to P7 ([Figure 2](#fig2){ref-type="fig"}B and [Video S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}), although at E18.5 mean volume of PDX was significantly smaller than TX at the same time post-injection ([Figure 2](#fig2){ref-type="fig"}B PDX: 0.017 ± 0.01 mm³ versus TX: 0.33 ± 0.13 mm³ E18.5). In contrast, nuclear density in PDX did not change between E18.5 and P7 ([Figure 2](#fig2){ref-type="fig"}C), being comparable with TX at respective times ([Figure 1](#fig1){ref-type="fig"}). Histological analysis of tumors confirmed the highly infiltrative structure of the PDX ([Figure 2](#fig2){ref-type="fig"}D). Immunofluorescence analysis of tumor masses identified expression of human-specific antigen HuNu, as well as the proliferative marker KI67, GFAP, and S100β (calcium-binding protein B) ([Figure 2](#fig2){ref-type="fig"}D) in the PDX, which are typical GBM diagnostic markers ([@bib6]). Quantification of proliferation indicated that not all the dsRed+ tumor cells were KI67+ ([Figure 2](#fig2){ref-type="fig"}E), suggesting the presence of a quiescent stem cell compartment in human GBM PDX. These results confirmed that WT embryonic mouse brain supports the engraftment and growth of patient-derived tumors.Figure 2WT Embryonic Mouse Brain Supports Growth of Patient-Derived GBM Xenografts (PDX)(A) Left image: dorsal view at E18.5 embryonic mouse brain with PDX; arrowheads: dsRed+ tumors; dashed lines indicate brain compartment boundaries. Center and right: 3D reconstruction of mouse brains at the indicated age showing PDX in red. Note the dramatic increase in tumor volume between the two time points. Scale bar: 1 mm.(B) Graphs showing (from left to right) Number of tumors per brain (brains n = 3); tumor volume \[log10 scale\] (tumors n = 10 in three different brains per condition), and percentage of brain volume occupied by tumors (brains n = 3), at the indicated time points.(C) Immunofluorescence images of PDX in coronal cryosections through embryonic mouse brains at E18.5 and P7; blue: Nuclei (Hoechst+) and graphical representation of nuclear density in PDX tumors at the indicated ages (tumors n = 7 in three different brains per condition).(D) Immunofluorescence images of PDX in coronal cryosections through embryonic mouse brains at E18.5; blue: Nuclei (Hoechst+), red: dsRed+ patient-derived cells, green: HuNu, cyan: KI67; white: GFAP (center panel) or S100β (bottom panel).(E) Graphical representation of (top) Total number of Hoechst + nuclei within PDX at E18.5 per brain (n = 12 tumors in 5 brains); (center) proportion of dsRed+ or HuNu + cells at E18.5 (n = 5) over total nuclei in PDX; (bottom) proportion of KI67 + +dsRed+ cells over total dsRed+ cells in PDX at E18.5 (n = 3).Data are represented as mean ± SEM; statistical significance revealed by using unpaired Student\'s t test. \* p value \< 0.05; \*\* p value \< 0.01; n.s., not significant.

Video S1. Three-dimensional (3D) Reconstruction of PDX Tumors at E18.5, Related to Figure 23D reconstruction of PDX tumors (Red) in serial images of coronal sections through the brain of an E18.5 mouse embryo. Scale bar: 1 mm.

Video S2. Three-dimensional (3D) Reconstruction of PDX Tumors at P7, Related to Figure 23D reconstruction of PDX tumors (Red) in serial images of coronal sections through the brain of a P7 mouse, showing 3D reconstruction of PDX tumors (Red). Scale bar: 1 mm.

TX and PDX Show Invasive Growth Pattern and Mesenchymal-like Features in Brains of WT Mice {#sec2.3}
------------------------------------------------------------------------------------------

Next, we analyzed the invasion pattern of human TX ([Figure S1](#mmc1){ref-type="supplementary-material"}) and PDX ([Figure 3](#fig3){ref-type="fig"}) within WT embryonic mouse tissue. At E13.5 (i.e., 24 h post injection, [Figure S1](#mmc1){ref-type="supplementary-material"}A) the gross majority of human U87MG cells, identified by dsRed, by immunostaining for HuNu, and by the astroglial cell marker GLAST (glial high-affinity glutamate transporter or SLC1A3), clustered in the lateral ventricle of the developing embryos ([Figure S1](#mmc1){ref-type="supplementary-material"}A'). However, at the same time, we found some tumor cells adjacent to the apical membrane of the host GLAST + radial glial cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A'', arrow) and few "leader tumor cells" that started to invade the host neuroepithelium, as revealed by discontinuity of the apical GLAST + staining in radial glial cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A''\', red arrows). Consistent with previous studies on cancer cell invasion ([@bib14]), we postulated that infiltration of GBM cells in the host tissue might occur through active pressure exerted by leader tumor cells on the host ventricular zone, as indicated by the appearance of poly-nucleated tumor cells ([Figure S1](#mmc1){ref-type="supplementary-material"}A''\', white arrows), which is a hallmark of nuclear rupture.Figure 3PDX Show Invasive Growth Pattern and Mesenchymal-like Features in Brains of WT Mice(A--E) Immunofluorescence images of PDX in cryosections of embryonic mouse brains; blue: Nuclei (Hoechst+), red: patient derived GBM cells. (A) Cross section through a PDX at E18.5; in high magnification showing invading tumor cells (T) inside the host tissue (H); dashed line indicates the host ventricular line border, red arrows: broken apical membrane after tumor cell invasion; scale bar: 100 μm. (B) Cross section through a PDX at E18.5 in high magnification of invading tumor cells (T) inside the host tissue (H), showing infiltrative growth pattern of GBMs. Hollow arrow and hollow arrowheads indicate different routes of invasion; scale bars: 50 μm. (C) Cross section through a PDX at E18.5 showing tumor cells (T) inside the host tissue (H); dashed line indicates the tumor line border in high magnification. Immunostaining for CD44 (C', green) and Snail + Slug (C'', white). (D and E) Green: E-CADHERIN (D) or N-CADHERIN (E); cross sections through TX at indicated times showing downregulation of E-CADHERIN and constant expression of N-CADHERIN; scale bars (D and E): 50 μm.

At E18.5 (i.e., 6 days post injection) both TX and PDX largely invaded the host tissue ([Figures S1](#mmc1){ref-type="supplementary-material"} and [3](#fig3){ref-type="fig"}). Interestingly, several patterns of tumor cells infiltration could be observed in our model, ranging from collective cell migration ([Figures S1](#mmc1){ref-type="supplementary-material"}B and [3](#fig3){ref-type="fig"}A) to mesenchymal-like migration of individual cells ([Figure 3](#fig3){ref-type="fig"}B, hollow arrows). These patterns are consistent with those observed in brain malignancies ([@bib15], [@bib29]). To corroborate these observations, we investigated markers of epithelial to mesenchymal transition (EMT), a reversible process characterized by loss of cell polarity and cell-cell adhesion that is known to increase motility and migratory capacity of tumor cells thus enhancing their invasiveness and aggressiveness ([@bib25]). As expected, we found that PDX expressed mesenchymal markers such as CD44, Snail, and Slug ([Figure 3](#fig3){ref-type="fig"}C), consistent with previous observation in glioma ([@bib30], [@bib47], [@bib10]). Moreover, we observed a progressive downregulation of epithelial Cadherin (E-CAD, i.e., epithelial marker) during development of both TX and PDX ([Figures S1](#mmc1){ref-type="supplementary-material"}C and [3](#fig3){ref-type="fig"}D), whereas expression of the mesenchymal marker neural Cadherin (N-CAD, [Figures S1](#mmc1){ref-type="supplementary-material"}D and [3](#fig3){ref-type="fig"}E) remained constant ([Figures S1](#mmc1){ref-type="supplementary-material"}D and [3](#fig3){ref-type="fig"}E). Although further research is needed to demonstrate whether epithelial to mesenchymal transition governs the infiltration of GBM cells, these results suggest that our model can be used to address this question.

TX and PDX Develop Functional Vasculature and Complex TME in Brains of WT Mice {#sec2.4}
------------------------------------------------------------------------------

Blood vessels are essential for tumor growth and an important component of the GBM TME ([@bib37], [@bib44], [@bib21]). We asked whether human GBM xenografts develop functional vasculature in our model ([Figure 4](#fig4){ref-type="fig"}).Figure 4TX and PDX Develop Functional Vasculature in Brains of WT Mice(A and B) Immunofluorescence images of TX (left panels) and PDX (right panels) in cryosections of embryonic mouse brains at E18.5 (blue: Nuclei (Hoechst+), red: dsRed+ cells) showing (A) white: immune reactivity for VEGF-A; (B) white: immune reactivity for the endothelial marker CD31 inside TX (left panels) and PDX (right panels).(C--E) (C) Experimental procedure of FITC-Dextran injection, (D and E) Immunofluorescence images of coronal cryosections through embryonic brains at E18.5 showing green: 4 kDA FITC-Dextran, red: dsRed+ U87MG (TX) or Patient-derived GBM (PDX) cells; (D) low magnification image of FITC-Dextran labeled blood vessels in embryonic mouse brain and tumor (T); (E) high magnification of inset in (D) (left panels) and similar example on a vascularized tumor formed by patient-derived GBM cells (right panels) showing co-localization (arrows) of FITC-Dextran with dsRed + tumor cells. Scale bars: 100 μm in (A) and (B), 500 μm in (D), and 50 μm in (E).

Vascular endothelial growth factor (VEGF) is an essential growth factor for blood vessel formation, required for both vasculogenesis and angiogenic sprouting during embryogenesis ([@bib46]). In gliomas, VEGF-A plays a pivotal role of tumor-induced angiogenesis and increased VEGF-A levels correlate with higher tumor microvessel density and are linked to reduced response to treatment and poor prognosis ([@bib19]). We found VEGF-A immunoreactivity in both TX and PDX at E18.5 ([Figure 4](#fig4){ref-type="fig"}A). This result confirms previous reports of neovascularization occurring in both xenogeneic and syngeneic GBM tumors upon engraftment in adult rodents ([@bib11]). To corroborate this finding, we performed immunofluorescence for CD31 (Cluster of differentiation 31), a marker of endothelial cells. Indeed, we found CD31 + cells within and surrounding TX and PDX at E18.5 ([Figure 4](#fig4){ref-type="fig"}B). To ascertain whether GBM xenografts develop a functional vascular system, we injected 4 kDA fluorescein isothiocyanate-conjugated Dextran (FITC-Dextran) into the tail vain of the pregnant dam 18.5 days *postcoitum* ([Figure 4](#fig4){ref-type="fig"}C). Remarkably, 4 h after tail vein injection, we found a strong FITC signal colocalizing with dsRed+ cells and vessel-like structures associated to TX and PDX ([Figures 4](#fig4){ref-type="fig"}D and 4E, arrowheads) in brains of E18.5 embryos. These results indicate that tumors develop a functional vascular system in our model. Moreover, the enrichment of FITC signal in tumors, in contrast to its low levels in the host brain parenchyma consistent with the notion that embryonic blood brain barrier (BBB) becomes functional around E15.5 in mouse ([@bib5]), suggests an increased permeability of the vessels associated with GBM xenografts.

Another important feature of GBM TME is astrocyte reactivity. Characterized by altered morphology and high expression of glial fibrillary acid protein (GFAP), astrocyte reactivity plays crucial functions for GBM and other brain tumors, such as regulation of BBB permeability and immune-modulation ([@bib37]). However, owing to the presence of GFAP + astrocytes in both glioma and non-neoplastic tissue, ontogeny of tumor-associated reactive astrocytes remains controversial in studies performed in adult mice. We explored this issue taking advantage of our embryonic engraftment model in which host GFAP + astrocytes mostly arise postnatally ([@bib27], [@bib18]). We performed staining with a human-specific GFAP antibody at E18.5 in the brains of embryos subject to transplantation and found a high immunoreactivity in the xenografts and nearby regions but not in the host tissue devoid of engrafted human GBM cells ([Figure S2](#mmc1){ref-type="supplementary-material"}A). This result suggests that human GBM can give rise to reactive astrocytes, as shown by GFAP expression, consistent with the glial origin of this tumor ([@bib28]).

Human GBM cells can form large and functional syncytia by cell-to-cell-connections (i.e., tumor microtubes \[[@bib33]\]), which have been proposed as possible mechanism of GBM therapy resistance ([@bib43]). These connections include CONNEXIN 43 (CX43), which is the predominant connexin expressed in GBM cells ([@bib33]). Interestingly, we observed CX43 + immunostaining in TX as well as in the host tissue at P7 ([Figure S2](#mmc1){ref-type="supplementary-material"}B) suggesting intra-tumoral (i.e., tumor cell-to-tumor cell) and/or tumor cell-to-host cell communication might occur in our model.

Collectively, these results demonstrate that our engraftment model in the brain of WT mouse embryos efficiently recapitulates several of the major features of GBM, such as tumor cell infiltration and formation of a complex TME, including vascularization and reactive gliosis. Further studies will be required to investigate whether GFAP expression surrounding the xenograft is a mechanism of defense toward the host immune system and/or plays a structural role for tumor infiltration/growth, as well as its relevance for vascular permeability.

Embryonic Engraftment of Human GBM Cells in WT Mice Allows Investigation of Tumor Interaction with the Host Immune System {#sec2.5}
-------------------------------------------------------------------------------------------------------------------------

We wanted to ascertain whether our model is suitable to study the role of the immune system on tumor progression and/or escape properties of the neoplasm. We first quantified total lymphocytes by flow cytometry forward and side scattering in bone marrow (BM) and peripheral blood from control mice at P7, P15, P21, and adult ([Figures 5](#fig5){ref-type="fig"}A and [S3](#mmc1){ref-type="supplementary-material"}). As expected, we found increasing proportions of lymphocytes that, at P21, reached a similar level to the BM of adult mice ([Figures 5](#fig5){ref-type="fig"}A, red line and [S3](#mmc1){ref-type="supplementary-material"}), suggesting that the immune system at P21 was likely mature, with respect to lymphocytes. This result is consistent with the notion that adaptive immune response in mice matures postnatally, reaching a plateau around 2 months ([@bib31], [@bib22]). Second, embryonic engraftment of human TX and PDX did not alter proportions of bulk lymphocyte populations in BM and peripheral blood at P21 compared with control mice ([Figures 5](#fig5){ref-type="fig"}B, 5C, and [S3](#mmc1){ref-type="supplementary-material"}), suggesting that embryonic engraftment of human tumor cells likely did not impair the development of the host immune system. We then quantified the number of human TX and PDX in brains of P7 to P28 WT mice ([Figures 5](#fig5){ref-type="fig"}D and 5E). Remarkably, nearly 60% of brains supported human PDX at P28, whereas the number of human TX (U87MG cell line) dramatically decreased postnatally ([Figure 5](#fig5){ref-type="fig"}E), in agreement with the known immune-escape properties of GBM in patients ([@bib2], [@bib13]).Figure 5Embryonic Engraftment of Human GBM Cells in WT Mice Allows Investigation of Tumor Interaction with the Host Immune System(A) Lymphocytes in bone marrow (BM) of WT control mice at P7 (*n* = 2), P15 (n = 2), and P21 (*n* = 6) relative to BM of adult (20--29 weeks) WT females (*n* = 4; red line).(B) Lymphocytes in BM of P21 mice (TX *n* = 5 and PDX *n* = 11), normalized for CTL mice (*n* = 4).(C) Lymphocytes in peripheral blood of P21 mice (TX *n* = 5 and PDX *n* = 14) normalized for CTL (*n* = 6).(D) Ventral view at P21 and P28 mouse brains with TX or PDX; arrowheads: dsRed+ tumors; OB, olfactory bulb; Cx, cortex; Hy, hypothalamus; dashed lines: brain compartment boundaries. Scale bar: 2 mm.(E) Number of tumor-positive brains as % of total brains dissected at P7 (TX *n* = 10, PDX *n* = 7), P15 (*n* = 23; *n* = 8), P21 (*n* = 24; *n* = 25), and P28 (*n* = 29; *n* = 19).(F) Cell composition in tumors at P7 and P28 in TX (*n* = 3; *n* = 1) or PDX (*n* = 4; *n* = 2) (proportion of dsRed+ \[red\] or IBA1+ \[cyan\] or Hoechst + dsRed-IBA1- \[blue\]) over total Nuclei/field.(G) Immunofluorescence images of TX in cryosections through E18.5 brains as example of activated IBA1+CD68+ (G'', arrow) and non-activated IBA1+CD68- (G'); blue: Nuclei (Hoechst+), red: dsRed+ U87MG cells, cyan: IBA1, and white: CD68; scale bar: 20 μm.(H) Proportion of IBA1+ cells at E18.5, P7, P21, and P28 in TX (*n* = 3, *n* = 3, *n* = 1, *n* = 1) or PDX (*n* = 5, *n* = 4, *n* = 6, *n* = 2) over total nuclei/field.(I) Proportion of activated IBA1+CD68 + cells at E18.5, P7, P21, and P28 in TX or PDX over total IBA1+ cells/field (value of n as presented in \[H\]).Data are represented as mean ± SEM; statistical significance revealed by using unpaired Student\'s t test and one-way ANOVA followed by Tukey\'s multiple comparison test. \* p value \< 0.05; n.s., not significant.

Microglia and tumor-associated macrophages (TAMs) constitute up to 30% of the tumor mass with a crucial role in tumorigenesis and are the main challenge that needs to be overcome for successful application of immune therapy ([@bib9], [@bib13]). TAMs comprise tissue-resident microglia, other non-parenchymal macrophages, as well as bone marrow-derived macrophages (BMDMs) ([@bib9], [@bib37], [@bib26]). Of note, microglia and BMDMs express very similar markers and genetic lineage tracing mice cannot be directly translated to current human glioma xenograft models. Hence, the relative contributions of microglia versus BMDMs to different glioma phenotypes remain controversial ([@bib37]). To understand whether our model is suitable to investigate infiltration of TAMs, we performed immunofluorescence for IBA1 (Ionized calcium binding adaptor molecule 1) marker of both microglia and macrophages ([@bib37], [@bib24]). We found infiltration of IBA1+ cells in TX and PDX from E13.5 up to P28 ([Figures 5](#fig5){ref-type="fig"}F--5I and [S4](#mmc1){ref-type="supplementary-material"}). We also observed some IBA1+ cells that were HuNu+, suggesting phagocytosis (or fusion) of tumor cells by host TAMs ([Figures S4](#mmc1){ref-type="supplementary-material"}A''' and S4B'''), consistent with known phagocytic function of microglia and macrophages.

Quantification of tumor cell composition at P7 and P28 revealed a similar decrease in proportions of dsRed+ cells in both TX and PDX ([Figures 5](#fig5){ref-type="fig"}F and [S4](#mmc1){ref-type="supplementary-material"}; proportions of total dsRed+ or IBA1+ cells over total nuclei in TX or PDX per brain). Regarding TAMs, we observed a trend of increasing proportions of IBA1+ cells over total cells in TX, whereas this proportion remained constant in PDX ([Figures 5](#fig5){ref-type="fig"}F, 5H and [S4](#mmc1){ref-type="supplementary-material"}). Finally, we quantified activated TAMs in TX and PDX from E18.5 to P28 by co-immunostaining for IBA1 and CD68 (Cluster of Differentiation 68), a marker of reactive TAMs ([@bib48]) ([Figures 5](#fig5){ref-type="fig"}G, 5I, and [S4](#mmc1){ref-type="supplementary-material"}). We found in TX a significant two-fold increase in the proportion of IBA1+CD68 + cells over total IBA1+ cells at P7, compared with E18.5, remaining then constant up to P28 ([Figures 5](#fig5){ref-type="fig"}I and [S4](#mmc1){ref-type="supplementary-material"}). In contrast, the proportion of IBA1+CD68 + cells over total IBA1+ cells in PDX significantly decreased from E18.5 to P21 and was significantly lower at P7 compared with TX, consistent with the higher number of PDX compared with TX tumors in postnatal brains of WT mice ([Figure 5](#fig5){ref-type="fig"}E). Because PDX persisted longer in postnatal brains and a lower proportion of reactive microglia/macrophages was associated with PDX, compared with TX, these results indicate that our model allows one to study tumor-specific interactions with the immune system of the WT host.

Discussion {#sec3}
==========

Orthotopic xenotransplantation of human tumor cells in immune-compromised animals has been considered the *in vivo* "gold standard" in brain cancer field for decades. However, results obtained with this approach warrants careful considerations for preclinical research ([@bib45]). Indeed, most oncology drugs fail late in clinical trials owing to lack of efficacy. Hence, conducting parallel preclinical studies on biologically diverse models is potentially a more cost-effective alternative. Our model, complementing existing ones, is a valuable alternative that potentially will increase the repertoire of approaches to test the efficacy of immune-based therapies, which are promising in several cancers but not yet fully exploited in brain malignancies ([@bib2], [@bib31], [@bib9]).

The "immune-privileged" developmental time window is a great opportunity. Here we exploit it with the orthotopic transplantation of human brain tumor cells in WT mice. Remarkably, when transplanted *in utero,* human PDX persist in postnatal brains of immune-competent mice. Hence, we postulate that our model is potentially suitable to study immune-escape properties of human GBM and possibly of other types of brain tumors.

Our model allows investigation of important aspects of TME such as tumor cell infiltration, astrogliosis, and intratumor accumulation of exogenous compounds through intravascular administration. Few drug molecules cross the BBB, and several GBM clinical trials have failed because the compounds did not reach therapeutically relevant concentrations at the target (i.e., gefitinib and erlotinib, [@bib40]). Hence, although we did not formally prove whether tumors develop a BBB in our model, its exploitation could contribute moving the field forward for future drug development and efficacy studies.

Unlike immune-compromised or humanized mice our model can be readily applied to genetically modified mice. For instance, by taking advantage of existing lineage-tracing mice, it could be further exploited to infer the relative contributions of tumor versus host cells in the TME or autocrine versus paracrine signaling, which are highly debated topics in brain cancer field ([@bib37], [@bib4], [@bib8]).

Finally, our model is also easy to implement as it requires a surgical procedure very similar to *in utero* electroporation, very efficient and widely used in developmental neuroscience ([@bib41]).

Despite great advancement in treating other cancer types, the median survival of patients with GBM remained nearly the same over the last decades. Problems that remain unsolved are extensive infiltration of GBM cells in brain parenchyma, lack of therapies capable of efficiently overcoming the BBB, and the various immune-escape strategies used by GBM. Future exploitation of the embryonic xenograft model will lead to increase our understanding of brain tumor biology and therapeutic development.

Limitations of the Study {#sec3.1}
------------------------

In this study, we provide fast qualitative and quantitative measurements of human tumor development in WT mice, thus paving the way toward applications in basic cancer research. However, it should be noted that we did not formally determine the survival of tumor-bearing mice or monitor tumor development upon manipulation or drug administration in the same animal. Therefore, our model warrants further confirmation of its applicability to clinical research.

Although we noted a progressive reduction in the number of tumor-bearing brains after birth of transplanted animals, at present it is difficult to forecast whether the human GBM xenografts will be rejected or some of the transplanted mice will become tolerant to tumors. It will be interesting for researchers to experimentally address these questions in our model upon engraftment of more aggressive malignancies, such as GBM mesenchymal subtypes or tumors metastasizing in brain. Moreover, as our model is potentially applicable to genetically modified mice, another possibility to address these questions would be to explore whether the genetic background of the host mice influences their survival upon tumor transplantation.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Data and Code Availability {#appsec1}
==========================

Original samples, data, and transduced cells are available upon request.

Supplemental Information {#appsec3}
========================

Document S1. Transparent Methods and Figures S1--S4
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